To investigate the effect of [6]-shogaol, an active ingredient in ginger, on melanogenesis and the underlying mechanisms. Methods: B16F10 mouse melanoma cells were tested. Cell viability was determined with the MTT assay. Melanin content and tyrosinase activity were analyzed with a spectrophotometer. The protein expression of tyrosinase and microphthalmia associated transcription factor (MITF), as well as phosphorylated or total ERK1/2 and Akt were measured using Western blot. 
Introduction
Melanin is a dark biological pigment that determines the color of human hair, skin, and eyes. Melanin is synthesized in melanosomes, and transferred from melanocytes to keratinocytes [1] . Melanin production is mainly controlled by the expression and activity of tyrosinase, which is known to be the most essential enzyme involved in melanin synthesis. Tyrosinase regulates two catalytic processes: hydrolysis of tyrosine to L-DOPA, and oxidation of DOPA to DOPA quinine [2, 3] . In addition, it is well-known that microphthalmia-associated transcription factor (MITF) strongly up-regulates the expression of tyrosinase and other melanogenic enzymes, such as tyrosinase-related protein 1 (TRP1) and tyrosinase-related protein 2 (TRP2) [4] [5] [6] . It has been reported that skin pigmentation is regulated by a variety of intrinsic and extrinsic factors [7, 8] , as well as diverse signaling pathways including protein kinase A (PKA), phosphatidylinositol 3-kinase (PI3K), and mitogen-activated protein kinases (MAPKs) [9] [10] [11] [12] [13] . In particular, the MAPK kinase (MEK)/extracellular signal-regulated kinase (ERK) and the PI3K/Akt pathways have been shown to negatively regulate melanin synthesis in melanocytes and melanoma cells [14] [15] [16] [17] [18] . Currently, cosmetic products possessing whitening effects occupy a large proportion of the cosmetic market and have become more popular than ever in Asia. Therefore, much effort has been directed at the search for novel and effective whitening agents. As a result of melanin biosynthesis studies, kojic acid, arbutin, and many other natural products are now utilized selectively for the treatment of hyperpigmentation diseases in humans, such as melasma, freckling, and other dermatological disorders [19, 20] . However, the recent discovery of their adverse side effects suggests that the applicability of these chemicals might be limited. It has been reported that kojic acid can cause allergic contact dermatitis [21] and that arbutin might carry carcinogenic risks [22] . Moreover, low stabili-www.nature.com/aps Yao C et al Acta Pharmacologica Sinica npg ties or high costs of available agents may also be issues of concern. Therefore, there is a need for development of alternative inhibitors of melanogenesis that are safer and more effective than existing agents.
[6]-Shogaol, an active ingredient in ginger, was previously reported to possess anti-cancer and anti-inflammatory properties [23, 24] . However, despite many published reports, the effect of [6] -shogaol on melanogenesis is unknown. In this study, we show the anti-melanogenic activity of [6] -shogaol in B16 mouse melanoma cells and elucidate the molecular events involved in the process.
Materials and methods

Materials
[6]-Shogaol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), L-DOPA, kojic acid, and mushroom tyrosinase were purchased from Sigma-Aldrich Co (St Louis, MO, USA). PD98059 was purchased from Calbiochem (San Diego, CA, USA). Antibodies specific to phospho-ERK1/2 (Thr202/Tyr204, #9101S), total ERK1/2 (#9102), phospho-Akt (Ser473, #9271), and total Akt (#9272) were from Cell Signaling Technology (Beverly, MA, USA). Antibodies specific to tyrosinase (C-19) and β-actin (I-19) were from Santa Cruz Biotechnology, Inc(Santa Cruz, CA, USA). MITF antibody (C5, MS-771-P0) was purchased from NeoMarkers (Fremont, CA, USA). B16F10 mouse melanoma cells were obtained from the Korean Cell Line Bank (Seoul, Korea). [6] -Shogaol, kojic acid, and PD98059 were dissolved in dimethylsulphoxide (DMSO).
Cell culture B16F10 mouse melanoma cells were cultured in phenol red-free Dulbecco's modified Eagle's media (DMEM), supplemented with glutamine (2 mmol/L), penicillin (400 U/mL), streptomycin (50 g/L), and 10% FBS at 37 °C in a humidified atmosphere containing 5% CO 2 .
Cell viability assay Cell viabilities were determined using an MTT-based assay. After incubation of cells with [6] -shogaol for 48 h, MTT (dissolved in PBS to 0.5 g/L) was then added. The cells were then incubated for an additional 2 h; the supernatant was removed and DMSO was added to dissolve the formazan crystals. Absorbance was measured at 570 nm using a spectrophotometer.
Measurement of melanin content
Melanin content was measured using a previously described method with slight modifications [25] . B16 cells were incubated overnight with DMEM (phenol red-free) containing 10% FBS at a density of 3×10 5 cells in 60-mm dishes. Cells were then treated with different chemicals for 4 d. After the treatment, 200 µL aliquots of media were placed in 96-well plates and optical densities (ODs) were measured at 405 nm using an ELISA reader. Cells were then scraped from the dishes and their protein concentrations were determined using the Bradford assay (Bio-Rad, Hercules, CA, USA). Relative melanin production was calculated by normalizing the OD values with the protein concentrations (absorbance/µg protein).
Tyrosinase activity
The effect of [6] -shogaol on the intracellular tyrosinase activity was determined as previously described [26] with slight modifications. Cells were incubated with [6] -shogaol for 48 h, washed with ice-cold PBS, and lysed with phosphate buffer (pH 6.8) containing 1% Triton X-100. After centrifuging at 13 000 r/min for 10 min, supernatants were collected. Following quantification of protein levels using the Bradford assay and adjustment of concentrations with the lysis buffer, 90 µL of each lysate and 10 µL of 10 mmol/L L-DOPA were combined in a well of a 96-well plate. Control wells contained 90 µL of lysis buffer and 10 µL of L-DOPA. Absorbance was measured at 475 nm using an ELISA reader after incubating the plate at 37 °C for 15 min.
The direct effect of [6] -shogaol on tyrosinase activity was determined by a cell-free assay system using mushroom tyrosinase [26] . Seventy microliters of phosphate buffer containing [6] -shogaol or kojic acid were mixed with 20 µL of 10 g/L mushroom tyrosinase, followed by the addition of 10 µL of 10 mmol/L L-DOPA. Following incubation at 37 °C for 15 min, absorbance was measured at 475 nm.
Western blot analysis
Cells were lysed in cell lysis buffer (20 mmol/L Tris-HCl [pH 7.5], 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L β-glycerophosphate, 1 mmol/L Na 3 VO4, 1 mmol/L dithiothreitol, 0.01 g/L leupeptin, 0.01 g/L aprotinin, and 1 mmol/L PMSF). Approximately 20 to 30 µg of protein per lane was separated by SDS-polyacrylamide gel electrophoresis and transferred onto PVDF membranes, which were then saturated with 5% dry milk in Tris-buffered saline containing 0.4% Tween 20. The membranes were incubated with the appropriate primary antibodies at a dilution of 1:1000, followed by further incubation with horseradish peroxidase-conjugated secondary antibodies. Antibody-bound proteins were visualized by enhanced chemiluminescence (Amersham Bioscience, Buckinghamshire, UK).
Statistical analysis
Statistical significance was determined using Student's t-test. The results are presented as the mean value±SEM. A P value less than 0.05 was considered to be statistically significant.
Results
[6]-Shogaol inhibits melanin synthesis in B16 mouse melanoma cells without cytotoxicity To determine whether [6] -shogaol has a cytotoxic effect, we treated B16 mouse melanoma cells with [6] -shogaol at the indicated concentrations for 4 d and checked cell viabilities using an MTT-based assay. [6] -Shogaol showed very little cytotoxicity at the concentration range of 1 to 10 µmol/L ( Figure 1A) . Melanin content was then measured in the B16 cells under the www.chinaphar.com Yao C et al Acta Pharmacologica Sinica npg same treatment conditions. Kojic acid, a well-known melanogenesis inhibitor, was used as a positive control [19] .
[6]-Shogaol reduced melanin content in a dose-dependent manner ( Figure  1B ). Taken together, these results indicate that [6] -shogaol can inhibit melanin synthesis without any statistically significant cytotoxicity in B16 mouse melanoma cells.
[6]-Shogaol reduces intracellular tyrosinase activity in B16 cells, but does not affect mushroom tyrosinase activity in a cell-free system To understand how [6] -shogaol regulates melanin synthesis in B16 cells, we studied the effect of [6] -shogaol on the activity of tyrosinase, one of the most critical factors for melanin synthesis. First, we treated B16 cells with [6] -shogaol at the indicated concentrations for 48 h and measured intracellular tyrosinase activities. We found that [6] -shogaol reduced intracelluar tyrosinase activity in a dose-dependent manner ( Figure  2A) . We further investigated whether [6] -shogaol directly affects tyrosinase activity using mushroom tyrosinase in a cellfree system. Interestingly, [6] -shogaol showed little inhibitory effect on mushroom tyrosinase activity, whereas kojic acid (a direct inhibitor of tyrosinase) had a significant inhibitory effect at 200 µmol/L ( Figure 2B ). Therefore, these results indicate that the inhibitory effect of [6] -shogaol on melanin synthesis is due to indirect regulation of intracellular tyrosinase activity rather than direct inhibition of tyrosinase activity.
[6]-Shogaol decreases expression of tyrosinase and MITF in B16 cells Several studies have shown that intracellular tyrosinase activity can be controlled by various mechanisms including the regulation of tyrosinase expression [26, 27] . Therefore, we examined the effect of [6] -shogaol on the expression of both tyrosinase and MITF, the latter being a major transcription factor for tyrosinase [5] . As shown in Figure 3A and 3B, the protein levels of tyrosinase and MITF were noticeably reduced by [6] -shogaol treatment in B16 cells.
[6]-Shogaol induces activation of the ERK pathway, but not the Akt pathway It has been reported that many anti-pigmentation agents regulate tyrosinase and/or MITF expression through regulation of the MEK/ERK or the PI3K/Akt pathway [28, 29] . Therefore, we examined the influence of [6] -shogaol on the ERK and Akt pathways in B16 cells. We treated B16 cells with DMSO as a control or with [6] -shogaol (10 µmol/L) for the indicated times. The activation of the ERK or the Akt pathway was determined by Western blotting using antibodies against specific phosphorylated forms of ERK or Akt. As shown in Figure 4 , ERK phosphorylation was induced at 30 min and sustained until 4 h post-treatment by [6] -shogaol, compared with only a transient induction at 1 h post-treatment by DMSO. In contrast, Akt phosphorylation was gradually increased 
Suppression of melanin synthesis by [6]-shogaol is attenuated by inhibition of the ERK pathway
Because [6] -shogaol induced activation of the ERK pathway, we speculated whether the inhibitory effect of [6] -shogaol on melanin synthesis could be prevented by prior inhibition of the ERK pathway. Therefore, we pretreated B16 cells with DMSO or PD98059, a selective inhibitor of MEK (the upstream activator of ERK), for 1 h and then treated the cells with
[6]-shogaol. As shown in Figure 5A , suppression of melanin synthesis by [6] -shogaol was greatly attenuated by the pretreatment with PD98059 (55% inhibition in DMSO-treated cells vs 21% inhibition in PD98059-treated cells). We also found that the basal level of melanin was increased by the PD98059 treatment, which is consistent with previously published results [27] . In addition, [6] -shogaol-induced ERK phosphorylation was also inhibited by the PD98059 treatment ( Figure 5B) . These results indicate that [6] -shogaol-induced activation of the ERK pathway contributes to the inhibition of melanin synthesis in B16 cells.
Discussion
Ginger, the rhizome of the plant Zingiber, is consumed as a delicacy and spice worldwide. Moreover, it has long been used in traditional Chinese and Korean medicine as an anticancer agent [30] . Ginger can also decrease the pain from arthritis [31] and protect against diarrhea [32] . [6] -Shogaol, one of the active ingredients in ginger, was identified to possess a surprisingly wide range of beneficial properties. It has been reported that [6] -shogaol can inhibit breast cancer cell invasion by reducing matrix metalloproteinase-9 expression via the blockade of nuclear factor-kappaB activation [24] .
[6]-Shogaol has also been shown to reduce chronic inflammatory response www.chinaphar.com Yao C et al Acta Pharmacologica Sinica npg in the knees of rats treated with complete Freund's adjuvant [23] . However, despite many published results, the effect of [6] -shogaol on melanogenesis has not been reported. In the present study, we investigated the effect of [6] -shogaol on melanin synthesis and the molecular mechanism(s) involved in the process in B16 mouse melanoma cells.
First, we showed that [6] -shogaol inhibited melanin synthesis in a concentration-dependent manner without cytotoxicity (1-10 µmol/L) in B16 cells and that the extent of inhibition was comparable between treatment with [6] -shogaol (5 µmol/L) and with kojic acid (200 µmol/L). Second, because tyrosinase is the key enzyme involved in melanogenesis [33, 34] , we measured the effect of [6] -shogaol on tyrosinase activity. Interestingly, we found that [6] -shogaol decreased tyrosinase activity in B16 cells, but it did not affect mushroom tyrosinase activity in a cell-free assay system. Furthermore, we observed that [6] -shogaol decreased the expression of tyrosinase and MITF. MITF is widely known to control pigmentation by regulating the expression of melanogenic enzymes [4, 35] . The ERK pathway regulates cell proliferation and differentiation in many types of cells [36, 37] . This pathway is also involved in the regulation of melanin synthesis. It has been reported that activation of MEK/ERK leads to phosphorylation of MITF at serine 73, resulting in its degradation [28, 38] . The PI3K⁄Akt pathway plays an important role in cell growth regulation and apoptosis inhibition [39, 40] . In addition, activation of the PI3K⁄Akt pathway reduces tyrosinase transcription and melanogenesis in B16F10 cells [17, 29] . So far, many natural and synthetic agents have been found to inhibit melanogenesis in B16F10 cells through activation of the ERK and/or the Akt pathways. For example, baicalein, cimicifuga heracleifolia, and KHG22394 (a synthesized chemical) were found to decrease melanin synthesis by activating ERK or Akt [18, 26, 27] . Therefore, we are interested in the effects of [6] -shogaol on ERK and Akt activities. We found that [6] -shogaol induced ERK but not Akt activation. Moreover, the suppressive effect of [6] -shogaol on melanin synthesis was diminished by a prior inhibition of the ERK pathway. These results suggest that ERK activation by [6] -shogaol plays an important role in the compound's anti-melanogenic effect in B16 cells. However, our results also indicate that there may be other pathway(s) involved in the inhibition of melanin synthesis by [6] -shogaol because the anti-melanogenic effect of [6]-shogaol was not completely abrogated by the inhibition of the ERK pathway. Further studies are needed in order to elucidate the pathway(s).
In summary, in this study we investigated the antimelanogenic effect of [6] -shogaol and the underlying mechanisms in B16 mouse melanoma cells. We found that [6] -shogaol possesses a desirable ability to inhibit melanin synthesis by activation of the ERK pathway and by inhibition of tyrosinase production.
